Raman spectroscopy is used to measure the strain in individual single-wall carbon nanotubes, strained by manipulation with an atomic-force-microscope tip. Under strains varying from 0.06%-1.65%, the in-plane vibrational mode frequencies are lowered by as much as 1.5% (40 cm ÿ1 ), while the radial breathing mode (RBM) remains unchanged. The RBM Stokes/anti-Stokes intensity ratio remains unchanged under strain. The elasticity of these strain deformations is demonstrated as the down-shifted Raman modes resume their prestrain frequencies after a nanotube is broken under excessive strain. DOI: 10.1103/PhysRevLett.93.167401 PACS numbers: 78.67.Ch, 62.25.+g, 68.37.Ps, 78.30.Na The ability to measure the properties of individual single-walled nanotubes (SWNTs) under external perturbations, such as electrostatic gating [1], electrochemical gating [2], gas adsorption [3] , and strain [4] , is essential to understanding both their underlying physics and potential for device applications. Theoretical ab initio and tight binding calculations predict large changes in the electronic band structure upon application of strain [5] [6] [7] [8] . Recent conductance measurements on atomic-forcemicroscope (AFM)-strained individual SWNTs show an increase in resistance with strain due to localized defects [9] , mechanical deformation by the AFM tip [10] , and strain-induced band gaps [11] . Unfortunately, AFMstrained SWNT transport measurements tend to be dominated by local defects, and are unable to accurately determine the direct effects and magnitude of the strain on the nanotube.
The ability to measure the properties of individual single-walled nanotubes (SWNTs) under external perturbations, such as electrostatic gating [1] , electrochemical gating [2] , gas adsorption [3] , and strain [4] , is essential to understanding both their underlying physics and potential for device applications. Theoretical ab initio and tight binding calculations predict large changes in the electronic band structure upon application of strain [5] [6] [7] [8] . Recent conductance measurements on atomic-forcemicroscope (AFM)-strained individual SWNTs show an increase in resistance with strain due to localized defects [9] , mechanical deformation by the AFM tip [10] , and strain-induced band gaps [11] . Unfortunately, AFMstrained SWNT transport measurements tend to be dominated by local defects, and are unable to accurately determine the direct effects and magnitude of the strain on the nanotube.
In this Letter, resonant Raman spectroscopy of individual SWNTs is used to measure the phonon frequencies at various degrees of strain. The Raman measurements, unlike the conductance measurements mentioned above, are insensitive to defects created at the SWNT-AFM tip point of contact, allowing us to truly measure the direct effects of strain on a single nanotube. We demonstrate using localized Raman measurements that the strain is largely uniform throughout the length of the SWNT, in contradiction to earlier assumptions [9] . By measuring SWNTs before and after being broken, we demonstrate the elasticity of these deformations.
SWNTs synthesized by the laser arc-discharge method [12] are deposited from a sonicated dichloroethane solution onto a Si substrate coated by a 1 m thick layer of SiO 2 . Metal electrodes of Cr-Au patterned on top of the SWNTs using electron beam lithography serve to hold the ends of the SWNTs fixed in place. A perpendicular displacement of the SWNT in the shape of an arc is created by pushing the SWNT with the AFM tip [9] . We determine the amount of strain by dividing the elongation by the total unstrained length between the fixed electrodes. The elongation is determined by subtracting the deformed length from the total unstrained length in the AFM image (Fig. 1) . Raman spectra were taken with a Renishaw Raman microprobe RM1000B with a 514 nm Ar ion laser.
Prior to straining the SWNT in Fig. 1 , the spatially resolved Raman spectra ( 1 m spot size) taken at different points along the length of the nanotube are identical, indicating that this SWNT has the same diameter and chirality over its entire length. The radial breathing mode (RBM) frequency ! RBM is 186 cm ÿ1 , implying a diameter d t of 1:3 nm, by the relation d t 248=! RBM [13] . This diameter is consistent within experimental error with the value of 1.5 nm measured by AFM.
The unstrained length of the SWNT in Fig. 1 is 3:8 m and the additional length due to the displacement is 20 nm, yielding a strain of 0.53%. The D, G, and G 0 band Raman spectra taken before and after strain are shown in Fig. 1 . For G band phonons, the motion of the atoms is tangential to the surface of the nanotube. The two components of this feature correspond to vibrations along the nanotube axis G ( 1590 cm ÿ1 ) and in the circumferential direction G ÿ ( 1565 cm ÿ1 ) . The D and G 0 bands involve phonons with finite momentum. Because the photons carry little momentum, the D band is observed only when momentum conservation is broken by disorder. Hence, the intensity of the D band gives a measure of the amount of disorder in the nanotube. The G 0 band is a two phonon process and thus does not require disorder in order to be observed. Figure 1 shows that the D band is down shifted by 16:1 cm ÿ1 , the G band is down shifted by 14.8 and 12:3 cm ÿ1 (G and G ÿ , respectively), and the G 0 band is down shifted by 27:7 cm ÿ1 due to strain. The down-shift of the D, G, and G 0 bands is understood on the basis of an elongation of the carbon-carbon bonds, which makes the bond weaker and therefore lowers the vibrational frequency. We have measured similar down-shifts on a total of 13 different semiconducting SWNTs with AFMinduced strain in the range 0.06% to 1.65% [14] .
No change in the RBM frequency or intensity due to strain was observed within the limits of our experimental accuracy ( Fig. 1 ). This is in sharp contrast to the large strain-induced shifts observed in the D, G, and G 0 frequencies. However, the shifts observed in the D, G, and G 0 modes are approximately 1% of the mode frequencies. A 1% change in the RBM frequencies results in less than a 2 cm ÿ1 shift for the radial breathing modes, which is approximately the experimental uncertainty, making unequivocal conclusions about the strain-induced change in
Assuming a Young's modulus of 1 TPa [15] , the tensile stress on the SWNT of Fig. 1 is 5.3 GPa. For this SWNT we observe a down-shift of 2:8 cm ÿ1 =GPa for the G band and 5:2 cm ÿ1 =GPa for the G 0 band. Under hydrostatic pressures up to 9 GPa, achieved in a diamond anvil cell, the G band Raman modes of SWNTs have been observed to up-shift by 5:9 cm ÿ1 =GPa [16] . These hydrostatic experiments are quite different from those discussed in this Letter. However, the absolute values of these pressure coefficients are quite similar. Hydrostatic pressure exerts both circumferential and axial strain on the nanotubes. In addition, these measurements were done on large ensembles of SWNTs, and hence the effect of bringing certain SWNTs in and out of resonance with the laser affects the measurement. Consequently, they observe a large pressure dependence of the RBM [16] , whereas we do not. It is remarkable that the surface forces are strong enough to hold the SWNT in place under such a large tensile stress.
Uniaxial strain has been applied to composite materials, where nanotubes are added to enhance the strength or conductivity [17] [18] [19] . For the same amount of uniaxial strain, the down-shifts we observe are 4 times larger than those observed in composite materials [20 -23] . The strain-induced down-shifting of the phonon modes of nanotubes inside these composites has been observed to saturate, indicating the occurrence of slippage [22] . Also, these macroscopic Raman measurements are averaged over many SWNTs with different chiralities and different orientations, and hence varying degrees of strain. From the large shifts we observe for individual strained SWNTs, we estimate that the slippage and averaging errors in the composite measurements overestimate the amount of strain in the SWNTs by a factor of about 4.
To determine the spatial extent of the strain, Raman spectra were taken 2 m to the left of the region where the SWNT was displaced (see Fig. 1 ). The spectra show a small ( 20%) reduction in the down-shift of the G and G 0 modes (14:8-12:3 cm ÿ1 and 27:7-21:6 cm ÿ1 , respectively) and no additional broadening. This indicates that, even though the van der Waals bonding is strong, the strain is not confined to the small region where the SWNT was displaced, but rather extends for long distances along the length of the nanotube between the electrodes. Thus, unlike previous work [9] , the entire length of the SWNT between electrodes should be used in accurately calculating the strain. Because of sharp singularities in the joint density of states (JDOS) of nanotubes, resonant enhancement in the scattering cross section can be achieved by matching the laser energy to the singularities in the JDOS [13] . It has been commonly assumed that only nanotubes for which the laser is in resonance with a JDOS singularity are observed. The Raman intensity should then be very sensitive to any changes in the position of the van Hove singularities which may arise due to strain. However, we measure no significant change in the Raman intensity as a function of strain.
Previous work on composite samples has shown that, while the RBM frequency remains unchanged, the intensity of the RBM varies with uniaxial strain [23] , indicating a shifting of the singularities in the JDOS toward or away from the laser energy. We found no change in the RBM frequency or intensity with applied strain (Fig. 1) . In addition, we measured the Stokes/anti-Stokes intensity ratio, and found that it remained unchanged by the induced strain. The relative intensity of the Stokes and antiStokes Raman RBM peaks has been shown to be very sensitive to any change in the position of the JDOS singularities [24] . Nevertheless, we observe no change in the Stokes/anti-Stokes intensity ratio for all six semiconducting SWNTs that showed a RBM feature in their spectra. Theory indicates that a 1% strain can shift the band gap by as much as 100 meV [6] . The laser excitation is in resonance with a transition between the third subbands for semiconducting nanotubes (E S 33 ). The fact that we do not observe any change in the relative Raman intensities indicates either that the positions of the JDOS singularities of the SWNT do not change with strain in excess of the resonance window [25] or that the SWNT is slightly off resonance with the laser to begin with, in a region where the intensity does not change much with E S
33 . An open question in SWNTs is the extent of and mechanism for relaxation following large perturbations. To examine this, Raman spectra were measured again on the same segment of nanotube one week after the strain was induced. The D, G , and G 0 band frequencies were found to have relaxed by 8, 5.4, and 15:4 cm ÿ1 , respectively, almost 50% of the initial down-shift (see Fig. 1 ). Interestingly, the AFM images of the nanotube are not observed to relax back toward their original undisplaced positions. This implies that there is slippage of the SWNT underneath the electrodes that occurs over the time scale of one week. Without detailed time dependent measurements of slippage, we take our experimentally measured Raman shift/strain ratio as a lower limit of the true ratio. Of the 13 semiconducting nanotubes measured under strain, we found that only seven of them relax over the period of one week, while the other six SWNTs remain fully down-shifted. This inconsistent behavior is attributed to the delicate contact between the bulk metal electrode and the single carbon SWNT molecule, which is known to vary in transport measurements.
We have also observed immediate relaxation of the Raman mode frequencies when the SWNTs are broken. band is less than that of G ÿ for the strained spectrum. Of the remaining 12 semiconducting nanotubes studied under strain, none showed a change in the relative intensity of the G and G ÿ bands. We expect that in general there is no such change.
An attempt to further strain this SWNT above 1.65% resulted in breakage, after which the Raman modes resume their original peak positions, within 1-2 cm ÿ1 , proving the elasticity of these deformations in nanotubes. The Raman spectrum of the broken NT was taken in the middle of the NT, near the kink.
Furthermore, we see no increase in defects and disorder due to the straining or the AFM manipulation of the SWNT. In the data from Fig. 1 , the ratio of the D band to the G band intensity increases, which might indicate that the amount of disorder was increased by the introduction of strain [26] . However, only four of the total 13 semiconducting SWNTs measured were observed to have an increase in the ratio of the D band to G band intensities, suggesting that there is no such general trend. In Fig. 2 , the D band intensity increases after the NT is broken. However, none of the other NTs measured before and after being broken showed such an increase. Transport measurements, on the other hand, are dominated by localized defects created by AFM manipulation of the SWNT, while Raman measurements allow us to study the effect of strain without the signal being dominated by localized defects.
In conclusion, we find that micro-Raman spectroscopy is insensitive to strain-induced defects, allowing us to study the effects of strain without obstruction by localized defects. For semiconducting SWNTs with strain up to 1.65%, we find shifts in the Raman mode frequencies as large as 40 cm ÿ1 . Spatially resolved Raman spectra show that the strain extends over the length of the nanotube, despite the van der Waals binding that tends to hold the nanotubes in place on the substrate. The strain relaxes slowly over one week, indicating slippage of the SWNT underneath the metal electrodes. If a SWNT is broken, however, the Raman modes resume their original positions immediately, demonstrating the elasticity of these nanotube deformations. The Raman intensity is not sensitive to strain, indicating that the strain-induced shift of the transition energies does not exceed the resonance window.
